Duchenne muscular dystrophy (DMD), caused by mutations in the dystrophin gene, leads to severe muscle wasting and eventual death of the afflicted individuals, primarily due to respiratory failure. Deficit in myofiber regeneration, potentially due to an exhaustion of satellite cells, is one of the major pathological features of DMD. Myeloid differentiation primary response 88 (MyD88) is an adaptor protein that mediates activation of various inflammatory pathways in response to signaling from Toll-like receptors and interleukin-1 receptor. MyD88 also regulates cellular survival, proliferation and differentiation in a cell-autonomous manner. However, the role of MyD88 in satellite stem cell homeostasis and function in dystrophic muscle remains unknown. In this study, we demonstrate that tamoxifen-inducible deletion of MyD88 in satellite cells causes loss of skeletal muscle mass and strength in the mdx mouse model of DMD. Satellite cell-specific deletion of MyD88 inhibits myofiber regeneration and stimulates fibrogenesis in dystrophic muscle of mdx mice. Deletion of MyD88 also reduces the number of satellite cells and inhibits their fusion with injured myofibers in dystrophic muscle of mdx mice. Ablation of MyD88 in satellite cells increases the markers of M2 macrophages without having any significant effect on M1 macrophages and expression of inflammatory cytokines. Finally, we found that satellite cell-specific deletion of MyD88 leads to aberrant activation of Notch and Wnt signaling in skeletal muscle of mdx mice. Collectively, our results demonstrate that MyD88-mediated signaling in satellite cells is essential for the regeneration of injured myofibers in dystrophic muscle of mdx mice.
Introduction
Muscular dystrophy is a group of genetic disorders caused by mutations in genes encoding for various components of extracellular matrix, cytoskeletal, cytoplasmic enzymes and nuclear membrane proteins (1, 2) . Duchenne muscular dystrophy (DMD) is the most common X-linked lethal disorder, which afflicts 1 in 5000 male births (3, 4) . DMD is caused by defects in dystrophin, a cytoskeletal protein, which provides mechanical reinforcement to the sarcolemma and also serves as a signaling module in skeletal muscle (5, 6) . Dystrophin-deficient myofibers undergo chronic muscle injury. During early stages of the disease progression, injury is counterbalanced by the ability of muscle fibers to regenerate. However, this capacity to regenerate is subsequently lost, potentially due to the exhaustion of muscle progenitor cells, leading to progressive muscle weakness and development of interstitial fibrosis that confines the patient to a wheelchair by the early teens and leads to death typically by the mid-twenties (1, 6, 7) . In fact, augmentation of the regenerative potential of endogenous muscle stem cells or transplantation of muscle stem cells into dystrophic muscle has been suggested as one of the promising therapeutic approaches for DMD patients (8, 9) .
Skeletal muscle regeneration in adults is attributed to the presence of satellite cells, which reside between the sarcolemma and the basal lamina in a relatively dormant metabolic state (10) . Upon injury to skeletal muscle, satellite cells become activated and undergo several rounds of cell division before differentiating into myoblasts, which ultimately fuse with injured myofibers to accomplish regeneration (10) (11) (12) . Studies using genetic mouse models have shown that several signaling pathways regulate satellite cell fate and their ability to repair injured myofibers. For example, activation of Notch signaling promotes satellite cell self-renewal and inhibits their differentiation through repressing the levels of MyoD (13) (14) (15) (16) (17) . In contrast, the activation of canonical Wnt signaling promotes differentiation and fusion of satellite cells to injured myofibers of mice (18, 19) . Interestingly, chronic activation of canonical Wnt signaling can lead to the development of interstitial fibrosis in skeletal muscle of mice (20) . In addition, mitogen-activated protein kinases (MAPKs), especially ERK1/2 and JNK1, also play an important role in selfrenewal and proliferation of satellite cells both in vitro and in vivo (21) (22) (23) . It is notable that in response to acute injury, myofiber regeneration in animals proceeds at a finite rate through sequential activation and deactivation of specific signaling pathways (10) . However, due to the chronic nature of myofiber injury, dystrophic muscle presents a highly complex microenvironment where a number of factors, including inflammatory immune cells, growth factors, and fibrosis can influence the regenerative potential of satellite stem cells (1) . Indeed, due to the complexity of the process, the signaling mechanisms that regulate the regenerative potential of satellite cells in dystrophic muscle remain poorly understood.
Myeloid differentiation primary response 88 (MyD88) is the canonical adaptor protein that mediates numerous biologically important signal transduction pathways in innate immunity downstream of members of the Toll-like receptor (TLR) and interleukin-1 receptor (IL-1R) families (24) (25) (26) . MyD88 links IL-1R-associated kinase (IRAK) family kinases through proteinprotein interactions. Activation of IRAKs leads to a variety of functional outputs, including the activation of MAPKs and pro-inflammatory transcription factors such as nuclear factorkappa B (NF-κB) and activator protein 1, making MyD88 a central regulator of inflammatory pathways (26) (27) (28) (29) . Because of the pivotal role of inflammation in the pathogenesis of DMD, a few previous studies have investigated the effect of ablation of MyD88 and/or specific TLRs in dystrophinopathy. It has been reported that whole body deletion of MyD88 in mdx (a mouse model of DMD) mice does not have an initial effect on the pathology, but ameliorates myopathy to some extent at later stages, potentially due to the attenuation of the inflammatory response (30) . A more recent study has shown that the genetic ablation of TLR4 in mdx mice improves muscle histopathology and reduces macrophage infiltration and gene expression of pro-inflammatory molecules (31) . While these studies suggest beneficial effects of inhibition of TLRs/MyD88 in DMD, especially for controlling inflammation, it remains unknown how MyD88 regulates the function of individual cell types present in the dystrophic microenvironment. We have recently reported that MyD88 promotes myoblast fusion in a cell-autonomous manner, independent of signaling from IL-1R/TLRs (32) . However, the role of MyD88 in the regulation of satellite cell function in dystrophic muscle of mice remains completely unknown.
In this study, through the generation of satellite cell-specific inducible MyD88-knockout mdx mice, we have investigated the role and potential mechanisms through which MyD88 regulates satellite cell survival, proliferation and their regenerative potential in dystrophic muscle of mdx mice. Our results demonstrate that the ablation of MyD88 in satellite cells significantly reduces skeletal muscle mass and contractile function and exacerbates myopathy. MyD88 is essential for satellite cell proliferation and their fusion with injured myofibers of mdx mice. Satellite cellspecific ablation of MyD88 exacerbates interstitial fibrosis without having any major effect on the inflammatory milieu. Our results also demonstrate that deletion of MyD88 in satellite cells leads to an aberrant activation of Notch and Wnt signaling in dystrophic muscles.
Results

Generation of satellite cell-specific MyD88-knockout mdx mice and muscle functional analysis
We have previously reported that the levels MyD88 protein are increased in skeletal muscle of wild-type (WT) mice after acute injury (32) . By performing immunoblotting, we first investigated how the levels of MyD88 are regulated in skeletal muscle of mdx mice. Results showed that the levels of MyD88 protein were drastically increased in the skeletal muscle of 8-week-old mdx mice compared to corresponding WT mice (Supplementary Material, Fig. S1A ). Moreover, co-staining of muscle sections with Pax7 (a marker for satellite cells) and MyD88 proteins revealed that the levels of MyD88 are also considerably increased in satellite cells of mdx mice compared to WT mice (Supplementary Material, Fig. S1B ).
We next sought to determine the role of MyD88 in satellite cell homeostasis and function in dystrophic muscle of mdx mice. In our initial studies, we found no difference in muscle pathology in 8-week-old mdx and mdx;Pax7-CreER mice (data not shown). To understand the satellite cell-specific role of MyD88 in dystrophic muscle, we first crossed floxed MyD88 (MyD88 f/f ) mice with Pax7-CreER mice to obtain MyD88;Pax7- (Fig. 1B) . We next compared muscle force production during isometric contraction in vivo. Force recordings were taken from the posterior compartment of the lower extremity ( Fig. 1C-J ) after muscle length, positioning and current were optimized. Plantarflexion was stimulated at different frequencies and specific and maximum muscle forces produced in isometric contractions were measured. There was a significant reduction in the amount of force produced between 25-150 Hz in Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice (Fig. 1C) . Similarly, the corresponding calculated integral forces were also significantly reduced in Mdx;MyD88 scko mice compared to littermate Mdx;MyD88 f/f mice (Fig. 1D) . Moreover, the Mdx;MyD88 scko mice showed a significant reduction in specific twitch force (sPt) normalized by body weight compared to corresponding Mdx;MyD88 f/f mice ( Fig. 1E and F) .
There was also a trend toward reduction in specific work generated by twitch force in Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice (Fig. 1G) To further assess muscle injury, we measured serum levels of creatine kinase (CK) in both groups. Consistent with muscle histopathology, we found that the serum levels of CK were significantly higher in Mdx;MyD88 scko mice compared to
To understand whether the increased necrotic area was due to an increased rate of myofiber degeneration or due to insufficient regeneration, we measured the number of injured myofibers by performing immunostaining with Cy3-labelled IgG. Interestingly, while we found a significant increase in serum CK levels, the percentage of IgG-filled myofibers was comparable in the skeletal muscle of Mdx;MyD88 
Ablation of MyD88 in satellite cells inhibits myofiber regeneration in mdx mice
Satellite cells are the major cell type that mediates muscle repair in response to acute injury (10) (11) (12) 
Ablation of MyD88 reduces satellite cell number and their fusion with injured myofibers in mdx mice
We next investigated the cell-autonomous role of MyD88 in the regulation of satellite cell number in dystrophic muscle. We prepared transverse muscle sections of GA muscle and stained them for anti-Pax7 (a marker for satellite cells), antilaminin (to mark the basal lamina) and DAPI (for labeling nuclei) followed by enumeration of Pax7 + cells within the basal lamina. 
Effect of satellite cell-specific ablation of MyD88 on interstitial fibrosis in dystrophic muscle
Progressive reduction in the ability of myofibers to regenerate leads to the development of interstitial fibrosis in skeletal muscle of DMD patients (1,6,7). Our preceding results showed that satellite cell-specific ablation of MyD88 diminishes skeletal muscle regeneration in mdx mice. (Fig. 6D) . Moreover, mRNA levels of Col1a and Col3a1 were found to be significantly increased in GA muscle of Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice ( Fig. 6E and F) . These results suggest that the lack of MyD88 in satellite cells hastens the accumulation of fibrotic tissues, potentially due to reduced muscle regeneration.
Effect of satellite cell-specific deletion of MyD88 on inflammatory response and markers of autophagy in dystrophic muscle
Because of its critical role in TLR-and IL-1R-mediated signaling, MyD88 is considered as an important mediator of inflammation (26) . However, satellite cells are a fraction of the cellular infiltrates in injured muscle and whether they play any role in the perpetuation of inflammation remains enigmatic. We next investigated whether the deletion of MyD88 in satellite cells has any effect on the number or type of macrophages, or the expression of pro-or anti-inflammatory molecules in dystrophic muscle of mdx mice. There are two subtypes of macrophages which have been suggested to play important roles in the regulation of myofiber necrosis and regeneration upon muscle injury (34) . M1 macrophages are pro-inflammatory and dominate the necrotic phase of pathology in mdx mice contributing to muscle damage. In contrast, alternatively activated M2 macrophages prevail during the regenerative stage to facilitate myofiber repair. Interestingly, M2 macrophages have also been found to promote fibrogenesis in a number of tissues, including dystrophic muscle (35, 36 (Fig. 7A-C) . Our quantitative real time-PCR (qRT-PCR) analysis of cell surface markers also showed that there was no change in the mRNA levels of CD68 and Mac1, the markers for M1 macrophages (Fig. 7D) . Interestingly, we found that the mRNA levels of CD163 and CD206, the markers of M2 macrophages, were significantly higher in dystrophic muscle of Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice (Fig. 7E) . We also compared gene expression of certain cytokines and other mediators of inflammation. While there was no significant difference in mRNA levels of IL-1β, TNF-α, IL-4, IL-6, IL-10 and VCAM1, mRNA levels of ICAM1 and MMP-9 were found to be significantly increased in skeletal muscle of Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice (Fig. 7F) .
The PI3K/Akt signaling pathway plays an important role in the regulation of skeletal muscle mass (37) . Increased activation of this pathway also inhibits autophagy in dystrophic muscle of mdx mice leading to increased pathology (38) . We investigated whether the deletion of MyD88 in satellite cells has any impact on the activation of the Akt/mTOR pathway in dystrophic muscle. There was no significant difference in the levels of phosphorylated Akt, mTOR or rpS6 proteins in skeletal muscle of Mdx;MyD88 f/f and Mdx;MyD88 scko mice (Fig. 7G) . Consistent with the levels of phosphorylated Akt, mTOR and rpS6 proteins, we did not find any significant difference in the markers of autophagy such as LC3B-I/II, Beclin-1 or p62 in dystrophic muscle of Mdx;MyD88 f/f and Mdx;MyD88 scko mice (Fig. 7G ).
Increased activation of Notch and Wnt signaling pathways in dystrophic muscle of Mdx;MyD88 scko mice
Notch and Wnt are major signaling pathways that regulate multiple aspects of myogenesis (18, 39, 40 Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice ( Fig. 8D-F) .
Moreover, we found that protein levels of Wnt3a and Axin-2 were significantly higher in dystrophic muscle of Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice ( Fig. 8G and H) . Collectively, these results suggest that the ablation of MyD88 in satellite cells leads to aberrant activation of Notch and Wnt signaling pathways.
Discussion
Inflammation plays a major role in the pathogenesis of all diseases, including muscular dystrophy (1, 41) . Upon tissue injury, several endogenous mediators of inflammation engage TLRs to activate pro-inflammatory signaling pathways (42) . It has been well established that MyD88 is a key component of TLR-and IL-1R-mediated signaling. Interestingly, recent studies suggest that MyD88 can also regulate cellular proliferation and differentiation in a cell-autonomous manner, independent of signaling from TLRs or IL-1β. For example, mutations in the MYD88 gene lead to the development of cancer in humans and mice (43, 44) . On similar lines, we have recently reported that MyD88 promotes myoblast fusion during post-natal growth, myofiber regeneration and overload-induced myofiber hypertrophy in mice (32) . It has been reported that the genetic ablation of TLR4 or MyD88 improves skeletal muscle pathology in the models of muscular dystrophy (30, (45) (46) (47) . However, these studies were performed using mice in which MyD88 or TLR4 was globally inactivated. It is likely that the deletion of TLR4 or MyD88 in some cell types, especially those involved in the inflammatory immune response, attenuates the inflammatory response leading to reduced muscle damage and some improvement in pathology in dystrophic muscle. While satellite cells are the most important cell type for regenerative myogenesis, the satellite cell-specific role of MyD88 in dystrophic muscle remained unknown.
Our results demonstrate that the deletion of MyD88 in satellite cells exacerbates the muscle pathogenesis in the mdx model of DMD. Skeletal muscle of mdx mice starts undergoing necrosis at around 3 weeks followed by repeated cycles of regeneration and degeneration. Examination of muscle function after 5 weeks of inactivation of MyD88 in satellite cells demonstrated a significantly reduction in muscle contractile properties and a drastic reduction in grip strength (Figs. 1 and 2) . At histological levels, we found that there was a significant increase in the area that is devoid of myofibers and there is an overall decrease in the number of myofibers in skeletal muscle of Fig. S4 ), suggesting that the lack of MyD88 in satellite cells may not have any major effect on the rate of myofiber degeneration rather it impairs the rate of myofiber regeneration upon initial injury. Indeed, we have found that the number of CNF myofibers (Fig. 3A-D ) and the number of eMyHC + myofibers ( Fig. 4A and B) were markedly reduced in dystrophic muscle of Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice,
suggesting that the satellite cell-specific deletion of MyD88 impairs myofiber regeneration. We have recently shown that MyD88 does not affect the proliferation and differentiation of cultured myoblasts. Intriguingly, we found that MyD88 promotes fusion of cultured myoblasts after induction of the differentiation program (32) . We also found that there was no significant difference in the number of satellite cells in 5d-injured TA muscle of control and myoblast-specific MyD88-KO mice, generated by crossing Myod1-Cre mice with MyD88 f/f mice (32) . While our previous studies highlighted the importance of MyD88 in myoblast fusion, the role of MyD88 in satellite cell function remained unanswered. Interestingly, we found that MyD88 is essential for satellite cell-mediated regenerative myogenesis. We found that the number of satellite cells and mRNA levels of Pax7 were significantly reduced in Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice (Fig. 5) . Moreover, we noticed that myogenic differentiation markers, such as MyoD and myogenin, were also considerably reduced in the skeletal muscle of Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice (Fig. 4) , further suggesting that MyD88 is essential for both the proliferation and differentiation of satellite cells. The role of MyD88 in satellite cells is consistent with previous reports suggesting that it plays an important role in proliferation and differentiation of several immune cell types (26) . It is notable that myoblast-specific deletion of MyD88 has a relatively smaller effect on regeneration of injured myofibers in otherwise normal adult mice (32) . In contrast, our results in this study demonstrate that deletion of MyD88 in satellite cells leads to a more dramatic inhibition in the regeneration of myofibers in mdx mice. This could be attributed to the fact that the mdx mice pathology involves chronic muscle injury and that in addition to the proliferation and differentiation of satellite cells, MyD88 also mediates fusion of myoblasts with injured myofibers. Indeed, our EdU incorporation assay also revealed that there was a significant reduction in the percentage of myofibers containing EdU + nuclei in skeletal muscle of Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice ( Fig. 5F and G). Our experiments also revealed that interstitial fibrosis was significantly increased in skeletal muscle of Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice (Fig. 6 ). While the exact mechanisms remain unknown, it is known that a deficit or failure in muscle regeneration leads to the replacement of myofibers with fibrotic tissues especially in conditions of chronic muscle injury, such as muscular dystrophy (1, 41) . Since there is a drastic reduction in satellite cell number and markers of muscle regeneration (Figs. 4 and 5) , it is possible that the increased level of fibrosis in skeletal muscle of Mdx;MyD88 scko mice is a result of diminished myofiber regeneration. Alternatively, it is also possible that the deficiency of MyD88 in satellite cells leads to the dysregulation of some specific signaling pathways leading to increased fibrosis in dystrophic muscle. We observed that while the mRNA levels of pro-or anti-inflammatory cytokines remained comparable, there is a significant increase in the mRNA levels of MMP-9 in skeletal muscle of Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice (Fig. 7F) . Indeed, MMP-9 is one of the most important regulators of interstitial fibrosis in dystrophic muscle (33, 48) . We also found that there is a considerable increase in the markers of M2 macrophages in skeletal muscle of Mdx;MyD88 scko mice (Fig. 7A, C and E) . M2 macrophages are activated during the final stages of tissue regeneration, where they promote the repair process (34, 49) . Interestingly, M2 macrophages have also been linked to fibrosis in dystrophic muscle of mdx mice (35, 36) . Altogether, failed regeneration, increased levels of MMP-9 and increased abundance of M2 macrophages may be responsible for the increased fibrosis in skeletal muscle of Mdx;MyD88 scko mice compared to Mdx;MyD88 f/f mice.
An interesting observation of the present investigation is that while there is an impairment in muscle regeneration, there was a significant increase in the expression of the components of Notch and Wnt signaling pathways (Fig. 8) . While Notch signaling is essential for the self-renewal and proliferation, it inhibits the differentiation of satellite cells into the myogenic lineage (39) . Moreover, Notch3 signaling is also required for maintaining the quiescent satellite cell population (16, 50) . In contrast, the activation of Wnt signaling promotes satellite cell differentiation and fusion (18, 40) . Furthermore, elevated levels of the canonical Wnt pathway lead to fibrosis in dystrophic muscle (20) . Previous studies have shown that temporal regulation of Notch and Wnt signaling is essential for regeneration of skeletal muscle upon injury (18) . Even though we find increased activation of Notch signaling, the number of satellite cells was significantly reduced in dystrophic muscle of Mdx;MyD88 scko compared to Mdx;MyD88 f/f mice. It is possible that the activated Notch signaling may prevent the activation and subsequent differentiation of the remaining satellite cells into the myogenic lineage. However, there is also a possibility that the increased activation of Notch and Wnt signaling is a compensatory response due to a reduced number of satellite cells and diminished myofiber regeneration in Mdx;MyD88 scko mice. It is noteworthy that we measured the expression levels of various components of Wnt and Notch signaling in whole muscle, which contains multiple cell types. Therefore, it is also possible that the increased expression of the components of the aforementioned pathways may be a result of their activation in other cell types as well in addition to the satellite cells.
It is now increasingly evidenced that in addition to controlling the inflammatory immune response, MyD88 has important functions in the regulation of proliferation and differentiation of several cell types including myogenic cells. We have previously demonstrated that MyD88 promotes skeletal muscle growth potentially through enhancing myoblast fusion. Indeed, overexpression of MyD88 improves transplantation and engraftment of exogenous myoblasts in injured skeletal muscle of WT mice (32) . Our results in this study provide crucial evidence that MyD88-mediated signaling is essential for homeostasis and functioning of satellite stem cells in dystrophic muscle. However, it is noteworthy that the present study was performed at the age of 3-8 weeks, a time period when myofiber degeneration and regeneration are at peak in mdx mice. It remains to be investigated whether chronic inhibition of MyD88 in satellite cells will further worsen myopathy and progressive weight loss in mdx mice at more advanced ages. Future studies should also investigate the effects of satellite cell-specific inhibition of MyD88 in exerciseinduced myofiber damage and repair in mdx mice.
Published microarray dataset deposited in the Gene Expression Omnibus (i.e. GSE1004, GSE3307 and GSE6011) demonstrates that the expression of MYD88 is variable among DMD patients compared to that of control subjects indicating that the gene expression of MYD88 may be deregulated in skeletal muscle and other cell types including satellite cells of DMD patients.
While more investigations are needed to understand the role of MyD88 in dystrophinopathies, our study provides initial evidence that enhancing the levels of MyD88 in muscle progenitor cells may be used as therapeutic approach to improve muscle regeneration and a mean to enhance the efficacy of stem cellbased therapy for muscular dystrophy. 
Materials and Methods
Animals
In vivo muscle functional assay
In vivo force measurements of the posterior lower leg muscles were conducted using the 1300A 3-in- 
Grip strength measurements
To measure forelimb and total four-limb grip strength of mice, a digital grip-strength meter (Columbus Instruments, Columbus, OH, USA) was used. Before performing test, mice were acclimatized for 5 min. The mouse was allowed to grab the metal pull bar with the forepaws and in a separate experiment with or all four paws. The mouse tail was then gently pulled backward in the horizontal plane until it could no longer grasp the bar. The force at the time of release was recorded as the peak tension. Each mouse was tested five times with a 20-40 s break between tests. The average peak tension from five best attempts and maximum peak tension normalized against total body weight was defined as forelimb grip strength.
CK assay
The serum level of CK was determined using a commercially available kit (Stanbio Laboratory, TX, USA) following a protocol from the manufacturer.
Histology and morphometric analysis
We performed H&E staining or Masson's trichrome staining on transverse muscle sections to visualize muscle structures or fibrosis, respectively, similar to as described (51, 52) . In brief, individual hind limb muscle was isolated, flash frozen in liquid nitrogen and sectioned using a microtome cryostat. For the assessment of gross morphology, 10 μm thick transverse sections of diaphragm, GA and TA muscles were stained with H&E dye. Stained sections were visualized on an inverted microscope (Nikon Eclipse TE 2000-U; Nikon, Melville, NY, USA) at room temperature (RT), a digital camera (Digital Sight DS-Fi1; Nikon) and NIS Elements BR 3.10 software (Nikon). The images were stored as TIFF files. Pictures of the whole muscle sections were captured and the percentage of CNF myofibers as well as total number of myofibers in each muscle was counted in the entire muscle section. Necrotic area in H&E-stained sections was determined by measuring percentage area filled with cellular infiltrate in whole muscle section. Average minimal Feret's diameter of eMyHC + fibers was determined after measuring CSA for each fiber. The extent of fibrosis in muscle cryosections was determined using a Masson's trichrome staining kit following a protocol suggested by manufacturer (American MasterTech Scientific, Lodi, CA, USA). Morphometric analyses were quantified using Fiji software (U.S. National Institutes of Health, Bethesda, MD, USA).
Immunohistochemistry
For immunohistochemistry studies, muscle sections were blocked in 1% bovine serum albumin in phosphate-buffered saline (PBS) for 1 h and incubated with anti-Pax7 Damaged/permeabilized fibers in muscle cryosections were identified by immunostaining with Cy3-labelled goat antimouse IgG (1:3000, Thermo Fisher Scientific Cat# A10521). The slides were mounted using a non-fluorescing aqueous mounting medium (Polysciences, Warrington, PA, USA) and visualized at -0.4 • C on a Nikon TiE 3000 Inverted Microscope (Nikon), a digital camera (DXM-1200C Coded Digital Camera) and Nikon NIS Elements AR software (Nikon). Images were stored as TIFF files and contrast levels were equally adjusted using Adobe Photoshop CS6 software (Adobe, San Jose, CA, USA).
Western blot
Quantitative estimation of various proteins in skeletal muscle tissue was done by western blot using a method as previously described (32 
RNA isolation and qRT-PCR assay
Total RNA isolation from muscle tissues and qRT-PCR was performed as previously described (53, 54) . Primers for qRT-PCR were designed using Vector NTI software and their sequence has been described in our previous publications (14, 55) .
FACS
The proportion of satellite cells and M1 and M2c macrophages in skeletal muscle tissues was analyzed by FACS as previously described (14, 55) . In brief, skeletal muscle tissues were digested with Collagenase II to prepare single cell suspensions. Approximately 2×10 6 BioLegend, San Diego, CA, USA) M2 macrophages were isolated. FACS analysis was performed on a C6 Accuri cytometer equipped with three lasers. The output data was processed and plots were prepared using FCS Express 4 RUO software (De Novo Software) and were exported to Adobe Photoshop CS6 software.
Statistical analysis
Results are expressed as mean ± standard deviation. Statistical analysis used unpaired Student's t-test (two-tailed) to compare quantitative data populations with normal distribution and equal variance. The α-level of significance was set at 0.05 for all comparison unless otherwise specified.
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